This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available:
INTRODUCTION
The 1.056 kg mass of Dhofar 019 was found in the Oman desert on January 24, 2000 (Grossman 2000) and is classified as an olivine-phyric basaltic shergottite. Its modal mineralogy is estimated as~64% clinopyroxene, 9% olivine, and~25% maskelynite (Borg et al. 2001) . Accessory minerals include silica, potassium-rich feldspar, whitlockite, chlorapatite, chromite, ilmenite, magnetite, and pyrrhotite (Shukolyukov et al. 2002) . Based on incompatible trace element depletion, Dhofar 019 is classified as a depleted endmember of the shergottite group (Brandon et al. 2008 (Brandon et al. , 2012 .
Crystallization ages of 525 AE 56 Ma, 575 AE 7 Ma, and 540 AE 20 Ma have been reported, based on Rb/Sr, Sm/Nd, and K/Ar data, respectively (Borg et al. 2001; Shukolyukov et al. 2002) . These ages are old relative to most other shergottites (165-475 Ma; e.g., Nyquist et al. 2001) , but roughly correspond to the age of Tissint (574 AE 20 Ma; Brennecker et al. 2014) . Based on their similar cosmic-ray exposure ages, it had been suggested that all depleted olivine-phyric shergottites are launch-paired (Nishiizumi et al. 2012 ), but Dhofar 019 does not fit into this model. A maximum cosmic-ray exposure age of 20 Ma for Dhofar 019 is 5 Ma longer than the previously assumed oldest Martian meteorite exposure age of 15 Ma obtained from Allan Hills (ALH) 84001 (Shukolyukov et al. 2002) . Therefore, either Dhofar 019 is unique among the Martian meteorites, having been launched from a separate site on Mars at an earlier date, or terrestrial contamination has affected the results of cosmic-ray exposure measurements.
As Dhofar 019 was subaerially exposed to a hot desert environment for 0.34 AE 0.04 Ma (Nishiizumi et al. 2002) , it has experienced terrestrial weathering and erosion. Most obviously, the fusion crust has been eroded via aeolian abrasion (Grossman 2000) . The stone was found partially buried in caliche soil, resulting in the formation of veins of terrestrial calcite, along with gypsum, phyllosilicate (reported as smectite), celestine, and iron hydroxide, throughout the meteorite (Grossman 2000; Shukolyukov et al. 2002; Taylor et al. 2002) . Olivine grains have a distinctive rust-brown coloration due to the presence of Fe-hydroxide veins within cracks and along their edges (Taylor et al. 2002) . Spherical structures, referred to as orangettes, are also present in Dhofar 019 (Grossman 2000) . These orangettes are concentrically zoned with respect to their chemical composition and mineralogy, with smectite, calcite, and (rarely) gypsum layers. They occur enclosed within the matrix feldspathic glass and at its contacts with large pyroxene grains. These distinctive orangettes bear a superficial resemblance to the widely studied preterrestrial carbonate assemblages in ALH 84001 (e.g., Mason et al. 1992; Mittlefehldt and Lindstrom 1994; Treiman and Romanek 1998; Scott 1999) . The ALH 84001 carbonate rosettes are, however, different from those in Dhofar 019 in that they are composed of Fe-and Mg-rich carbonates with magnetite.
The nakhlites are known to contain relatively abundant Martian alteration minerals, including Fe-rich saponite and serpentine, siderite carbonate, and sulfates (e.g., Gooding et al. 1991; Romanek et al. 1994; Treiman and Romanek 1998; Bridges and Grady 2000; Changela and Bridges 2011; Hallis and Taylor 2011; Hicks et al. 2014) . Chassigny is reported to contain Martian carbonates and sulfate (Wentworth and Gooding 1994) , and as mentioned above, ALH 84001 contains preterrestrial carbonate rosettes. These phases are known to be preterrestrial as they are altered by the formation of, and incorporated into, the fusion crust (e.g., Gooding et al. 1991; Hallis 2013) . In addition, mineral offsetting due to the formation of impact shock fractures (e.g., when the meteorite leaves Mars) is commonly seen in Martian alteration assemblages. Oxygen isotope analyses of water from polymict breccia Northwest Africa (NWA) 7034 have been used to suggest its ferrous iron oxides, and hydroxides have a Martian origin (Agee et al. 2013; Muttik et al. 2014) . Thus, the shergottites-despite being by far the largest group of Martian meteorites-are conspicuous as potentially the only group that lack products of Martian aqueous alteration. This absence may be explained by their young age. Over geological time, the Martian surface has dried out dramatically. The shergottites crystallized <600 Myr ago on Mars (although this is debated by some [see Bouvier et al. 2008] ). In contrast, the nakhlites crystallized at 1.3 Ga and ALH 84001 at >4 Ga ). Therefore, by the time the shergottites crystallized, the Martian surface was relatively dry. However, it remains possible that the shergottites were exposed to aqueous fluids on Mars. Remote-sensing images have revealed the presence of recurrent slope lineae, thought to be formed by aqueous brines at the Martian surface (McEwen et al. 2011; Ojha et al. 2015) . In addition, a number of recently formed gullies are reported to be produced via the melting of water-rich snow deposits (Christensen 2003) . These formations prove that, even now, the Martian surface is not completely dry. Taylor et al. (2002) found that smectite in at least one Dhofar 019 orangette appears to have been displaced by shock fracturing through maskelynite, suggesting that some of the smectite may be preterrestrial. This finding is significant, as it is the most substantiated report of possible preterrestrial alteration in the shergottite meteorites. The aim of this study was to determine whether any of the material in the alteration orangettes of Dhofar 019 has a preterrestrial origin. If so, this meteorite would be a very important source of evidence for relatively recent Martian groundwater. To achieve this aim, we searched for shock features in the orangettes of Dhofar 019, thin-section 610-A, and compared the orangette compositions to known Martian alteration assemblages.
METHODS

Sample Imaging and Chemical Classification of Target Phases
In addition to optical microscopy, the Carl Zeiss Sigma Variable Pressure Analytical SEM and the FEI Quanta 200F Environmental SEM were utilized in backscattered electron (BSE) mode to locate areas of interest (AOI) within Dhofar 019 thin-section 610-A. Energy-dispersive X-ray analysis (EDX) was used to characterize separate layers within the orangettes. AOIs 1 and 2 were selected on the basis of the large orangette size and the presence of multiple layers. Quantitative Xray analysis was undertaken using a Zeiss Sigma analytical SEM, equipped with an Oxford Instruments X-Max silicon-drift X-ray detector, operated through an AZTEC microanalysis system. Quantitative analyses were acquired at 20 kV and 3 nA, with the beam current regularly measured using a Faraday cup. X-ray spectra were collected for 60 s, and quantified with reference to the following mineral standards that were obtained from the supplier, P&H Developments Ltd: jadeite (Na), periclase (Mg), corundum (Al), diopside (Si), apatite (P), pyrite (S), K-feldspar (K), wollastonite (Ca), rutile (Ti), chromite (Cr), rhodonite (Mn), garnet (Fe), and Ni-metal (Ni). Typical detection limits (in wt%) were Na (0.08), Mg (0.05), Al (0.08), Si (0.04), P (0.06), S (0.06), K (0.09), Ca (0.06), Ti (0.11), Cr (0.12), Mn (0.12), Fe (0.22), and Ni (0.17). This quantitative X-ray analysis method was also used by Tomkinson et al. (2013) .
Focused Ion Beam Section Preparation and Transmission Electron Microscope Analysis
To enable transmission electron microscope (TEM) analysis, two electron-transparent focused ion beam (FIB)-sections were cut from the surface of thin-section 610-A. The sections were prepared using a FEI Duomill dual-beam FIB instrument operated with a 30 kV Ga + ion beam and following the procedure of Lee et al. (2003) . Prior to milling, the AOI was capped with a 15 lm long by 4 lm wide and 0.1 lm thick layer of Pt that was applied using a gas injection system and deposited by interaction with the electron beam. Initially, each foil was ion-milled to a thickness of approximately 1 lm, using high (~1 nA) beam currents. Following its in situ extraction, the thick foil was welded to the tines of a copper holder using electron-and ion beamdeposited Pt and reduced to approximately 100 nm thickness at lower current (~100 pA).
Bright-field and dark-field diffraction-contrast images and selected area electron-diffraction (SAED) patterns were acquired from the FIB-sections using a FEI T20 TEM operated at 200 kV. Bright-field and high-angle annular dark-field (HAADF) scanning TEM (STEM) imaging was also performed using a JEOL ARM200cF MagTEM operated at 200 kV. This microscope is equipped with a Gatan Quantum electron spectrometer for major and minor element quantitative EDX analysis. EDX conditions included a 0.4-0.6 nm spot size and 100 pA current on the sample, at 200 kV with a 40 lm condenser aperture. The count time for each analysis was 30 s. X-ray spectra were quantified via a standardless procedure using the Cliff-Lorimer correction.
RESULTS
Alteration in Dhofar 019
An initial search of thin-section 610-A revealed the extensive nature of terrestrial weathering within Dhofar 019. Caliche soil adheres to one edge of the sample (Fig. 1a) , with a sharp boundary between the soil and meteorite (Fig. 1b ). The sample is entirely penetrated by calcite veins running through fractures in clinopyroxene and olivine grains (Figs. 1b, 1c, 2a, and 2b), but these veins are more abundant toward the caliche-covered edge. Deposits of celestine (SrSO 4 ) and barite (BaSO 4 ) only occur within 3 mm of the adhering caliche soil (Figs. 1b, 2a, and 2d). The opposite edge appears to have been exposed to more erosive weathering. Some clinopyroxene dissolution has occurred along this edge, following cleavage planes. More commonly, the dissolution is concentrated along the boundaries of clinopyroxene or olivine with maskelynite ( Fig. 1c ). Optical microscopy reveals olivine grains are largely rust-brown due to the presence of Fe-hydroxide veins along internal cracks. Olivine alteration areas consisting of an Mg-rich phase are also evident in several grains ( Fig. 1b ). Dissolved maskelynite is commonly only partially replaced by secondary minerals, leaving a void between the unaltered maskelynite and the bounding mineral. This void space, which can be up to 100 lm wide, may result from preferential removal of secondary phases during sample preparation. However, the delicate texture of the phases that are present argue against this. Instead, it seems more likely that maskelynite was first dissolved and later these void spaces were infilled. Where the void space is completely filled, the boundary between maskelynite and the secondary assemblage is commonly diffuse (Figs. 1d-g), with phyllosilicate replacing maskelynite. Other phases within the secondary assemblage include calcite, celestine, barite (close to the caliche soil edge), and rare gypsum (Table 1) .
Numerous orangettes were located in thin-section 610-A (Fig. 2 ). Texturally these differ from the previously described alteration in that they are layered spherical structures (<50 lm diameter). However, mineralogically, the layers are made up of calcite and Mg-rich phyllosilicate of the same composition found within the larger voidfilling areas of alteration. Numerous hemispherical layered orangettes are present at the boundaries of clinopyroxene with maskelynite. A number of these hemispherical structures within 400 lm of the caliche soil edge contain celestine or barite as one of the layers.
Hemispherical dissolution pits are present along fractures in maskelynite at the surface of thin-section 610-A (Fig. 3) . The fractures may have been produced during the ejection impact event that caused plagioclase to convert to maskelynite, or by the impact of the meteorite hitting the Earth's surface. They commonly cut through and offset primary mineral inclusions within maskelynite, such as phosphate or magnetite. However, in sample 610-A, no definitive example of orangette offsetting was found. Secondary phases were observed within the fractures and pits, including gypsum, Fe-oxide, and Mg-phyllosilicate. Some pits exhibit ragged edges and contain Mg-rich phyllosilicate that has grown across the central fracture (Figs. 3a and 3c), indicating it must have been deposited after fracturing occurred. In one case (Fig. 3a) , the onset of a layered structure was observed. In cases where hemispherical dissolution pits have grown on either side of a fracture (Figs. 3b and 3d ), the illusion of offsetting is produced, but closer observation reveals that the number and amount of offset does not match up on both sides of the fracture. shows olivine (olv) in yellow/lime green, clinopyroxene (cpx) in green, maskelynite (msk) in blue, magnetite in red, and ilmenite in pink (a). A terrestrial caliche layer is clearly visible at the edge of this thinsection (a, b). Maskelynite dissolution is mostly present at the boundaries of olivine/clinopyroxene phenocrysts and maskelynite, and is commonly associated with Mg-rich phyllosilicate (Mg-phyl) and calcite (b-e). Phosphate (phos) is present in maskelynite, and can also be altered (f-g). (Color figure can be viewed at wileyonlinelibrary.com.) 2b). In addition, the orangettes of FIB-section 2 appeared to be crosscut by calcite veins extending from within the neighboring clinopyroxene phenocryst. Both FIB-sections show a complex intergrowth of calcite and phyllosilicate, with the two phases commonly intermixed at submicron scales.
Small-Scale Analysis of Orangettes
FIB-section 1 shows almost the entire orangette cross section from maskelynite to calcite, then a mixed layer of calcite and phyllosilicate, and pure phyllosilicate at the center. The presence of maskelynite is confirmed by the absence of a diffraction pattern for a crystalline phase (Fig. 4a) . Calcite commonly has a Orangettes are associated with clinopyroxene (cpx) or olivine grain boundaries with maskelynite (msk), or fractures within maskelynite (see Fig. 3 ). In SEM images, some orangettes appear to be completely hosted within maskelynite (e, f), but optical microscope images (ppl) show connections to fractures or mineral boundaries beneath the sample surface (g). False-color X-ray image (f) shows Ca as pink and Mg as green. Calcite is commonly present as veins in the cracks of associated clinopyroxene.
(Color figure can be viewed at wileyonlinelibrary.com.)
pure CaCO 3 composition, with very little Mg and Na contribution, and no Fe. However, some areas near calcite/phyllosilicate boundaries do contain higher Na abundances (9.33 wt% in one case), as well as appreciable F (up to 3.80 wt%), although the two do not appear to be correlated. The source of Na could be maskelynite, although this is unlikely to produce such high Na abundances. Intergrowth with the Nacarbonate natron is another possibility. Fluorine could be sourced from the dissolution of apatite. However, F is present in both FIB-sections, neither of which were cut from areas with associated apatite grains. Phyllosilicate throughout most of FIB-sections 1 and 2 has an Mg-, Al-rich composition, similar to the Mgsmectite reported by Taylor et al. (2002) , and corresponding to the composition of Mg-rich saponite (Fig. 5 ). Iron-rich phyllosilicate was not detected in either FIB-section, and in fact was only detected in one place in thin-section 610-A ( Figs. 1f and 1g) . In most areas, phyllosilicate fringes are poorly ordered, forming isolated fringe "packets" that are misoriented relative to one another. Diffraction rings are evident in these areas, but not diffraction patterns, indicating a low degree of crystallinity ( Fig. 4e ). Ordered fringes were detected in one area of FIB-section 1, with basal spacings of 7 A. These narrow spacings are typical of either kaolinite or serpentine rather than smectite, which has basal spacings of 10-15
A (Deer et al. 1966 ). Based on the Mg-and Alrich composition of the surrounding material, the fringes probably represent serpentine, somewhere in the middle of the serpentine-amesite (Mg 2 Al[AlSiO 5 ](OH) 4 ) solid solution. However, the chemical composition of this exact area was not analyzed (Fig. 4b) , so it is possible that it is compositionally anomalous (e.g., pure Mg serpentine).
FIB-section 2 samples an orangette with central poorly ordered Mg-saponite, surrounded by alternating layers of calcite and Mg-saponite, underlain by clinopyroxene. The whole orangette is not represented in this FIB-section, as the outer calcite layer and one side of the outer saponite layer were not included ( Figs. 2b  and  4e ). Calcite and Mg-saponite compositions are similar to those of FIB-section 1, but no lattice fringes could be resolved within the saponite. The lack of fringes suggests that the phyllosilicate in this orangette is more poorly crystalline than that in FIB-section 1, although diffraction rings are still evident. Beam damage was observed on FIB-section 1, where fringes degraded within a few seconds of imaging, and nanoporous textures developed. Therefore, it is possible that some phyllosilicate fringes were originally present in the FIB-section 2, but were amorphized by the electron beam before they could be imaged.
Clinopyroxene exhibits well-preserved ladder dislocations, caused by shock pressure (Fig. 4e) . Conversely, dislocations are not visible in the calcite of either FIB-section, although shock ladder dislocations (among other types) have been shown to be relatively well preserved in carbonates (Langenhorst et al. 2003) .
DISCUSSION
Compositional Comparisons of Dhofar 019 Alteration with That in Other Martian Meteorites
Martian smectite occurs within alteration veins in the nakhlite group of meteorites, commonly in the form of poorly ordered Fe-rich saponite (Fig. 5 ). The phyllosilicate analyzed in Dhofar 019 does have a chemical composition corresponding to saponite (Ca 0.25 (Mg,Fe) 3 ((Si,Al) 4 O 10 )(OH) 2 Án(H 2 O)), but is much more Mg-rich than the nakhlite saponite, even including the Fe-rich smectite reported by Taylor et al. (2002) . An Mg-rich composition is more closely aligned with typical terrestrial saponite (Fig. 5 ). It could be argued that because the Dhofar 019 phyllosilicate is found in maskelynite, whereas that of the nakhlites is found within olivine, a direct comparison is invalid. However, the composition of the former indicates that it is formed landing site in Oman. The presence of more abundant calcite and celestine/barite deposits toward the outer edges of the sample, as well as the absence of shock dislocation features within FIB-1 and FIB-2 calcite, support a terrestrial origin. Martian carbonate typically contains much higher concentrations of Fe and Mg (e.g., Niles et al. 2012) . For example, ALH 84001 carbonate rosettes have an average composition of (Fe 29 Mg 60 Ca 11 )CO 3 (e.g., Mason et al. 1992) , with zonation between Fe-and Mg-rich carbonates (Harvey and McSween 1996; Gleason et al. 1997; McKay and Lofgren 1997; Scott et al. 1997 Scott et al. , 1998 Niles et al. 2012) .
Compositionally pure Martian calcite has yet to be reported, either within meteorites or on the planet's surface (Niles et al. 2012) . While it should be noted that this does not mean there is no pure calcite on Mars, it would be highly coincidental for the first evidence of such calcite to be found within Dhofar 019-a calichecoated meteorite with a terrestrial exposure age of 0.34 AE 0.04 Ma (Nishiizumi et al. 2002) . The terrestrial origin of caliche layers and calcite veins within Martian hot desert meteorites has been discussed in detail by Coulson et al. (2007) , Grady et al. (2007) , Treiman and Irving (2008) , and Tomkinson et al. (2015) . Celestine and barite are only found within 3 mm of the calichecoated sample edge, confirming their terrestrial origin. The presence of these evaporitic minerals within the central layers of a number of orangettes confirms that these structures must have formed in the desert of Northwest Africa. Fluorite was not detected during SEM or TEM analyses, but high concentrations of F within the calcite and phyllosilicate zones were found within both FIB sections. As the F seems to be present in phyllosilicate, Table 2 . Fringe widths of 7 A (b, inset) correspond to serpentine in one area.
and calcite close to the boundary with phyllosilicate, it is probably a contaminant brought into the alteration area from elsewhere. The dissolution of apatite is a possibility (e.g., McCubbin et al. 2012 ), but F is present in both FIB-sections, neither of which were cut from areas with associated apatite grains. It is unlikely that nonlocal apatite contributed significantly to the F content of calcite and phyllosilicate in these FIBsections, as apatite is a minor mineral in Dhofar 019, which is not extensively altered ( Figs. 1f and 1g show the only apatite found with observable alteration). Maskelynite does not contain appreciable F. It therefore seems probable that at least some of the F was sourced externally, from the terrestrial hot desert environment. As fluorite is commonly associated with celestine, barite, and calcite (Deer et al. 1966) , it seems logical that F was brought into the meteorite, along with Sr, Ba, Ca, and the Cl detected in FIB-1 area 3 phyllosilicate, via water infiltration during the stones' long residence in Northwest Africa. The Na content of calcite, and to a lesser extent phyllosilicate, could be due to the concentration of Na from the replacement of maskelynite (containing~4 wt% Na 2 O). However, it too could have been brought in from the terrestrial desert environmenthalite is common in this environment (e.g., Glennie 1987) . The higher concentration of Na in calcite compared with phyllosilicate indicates it may be present as an intergrowth of Na-carbonate (natron).
Formation of Dhofar 019 Orangettes in a Terrestrial Environment
Saponite commonly forms in cavities and veins within terrestrial basalts (e.g., Deer et al. 1966) . Therefore, the orangettes in Dhofar 019 may have formed via aqueous transport of the cations Mg and Fe, along with trace amounts of Na, P, S, K, Ti, and Mn (Tables 1 and 2) , from the surrounding olivine, clinopyroxene, and maskelynite into cracks and cavities already in existence in the maskelynite of this meteorite. The abundance of Mg (and rarely Fe) in Dhofar 019 phyllosilicate are indicative of the amount of olivine and clinopyroxene weathering that has occurred within the meteorite. Weathering of olivine is evident along internal fractures, and clinopyroxene shows dissolution at the meteorite's edges (Fig. 1c ). Weathering of these minerals provides abundant Mg and Fe cations in solution. Maskelynite dissolution appears to commence from grain boundaries and preexisting fractures in thinsection 610-A, creating pits (Fig. 3) . Some of these pits remain empty, with sharp edges (e.g., Figs. 3b and 3d) , whereas some exhibit phyllosilicate replacement of the surrounding maskelynite, resulting in diffuse void edges (e.g., Figs. 3a and 3c ). These diffuse edges probably signify a shift to direct maskelynite alteration, rather than two-step dissolution and later deposition. Maskelynite already contains Si and Al, thus aqueous alteration by an Mg-rich fluid could produce the Mgsaponite compositions reported. In contrast, Ca appears to have been brought in from the terrestrial environment rather than as a product of meteorite weathering-i.e., from the caliche soil. Calcite in Dhofar 019 is depositional, filling pits and cracks. Where calcite is the outermost layer in the orangette, its boundary with maskelynite is sharp, emphasizing its depositional nature-it does not replace maskelynite as phyllosilicate does (e.g., Fig. 4a) .
Compositionally, the orangettes are similar to the larger areas of alteration (e.g., Figs. 1d and 1e) , indicating that these layered structures represent the onset of terrestrial alteration within maskelynite. The initial growth of an orangette can start with phyllosilicate or calcite deposition in a preexisting maskelynite void space. Where phyllosilicate is the outermost layer, direct alteration and replacement of maskelynite occur and a diffuse edge is commonly formed (illustrated in Figs. 3a and 3c ). We conclude that the apparent offsetting of a smectite orangette reported by Taylor et al. (2002) was probably produced by the growth of hemispherical dissolution pits on Hallis et al. 2014; Hicks et al. 2014) . Rocknest (Gale Crater) amorphous material from the Martian soil (Blake et al. 2013 ) and typical terrestrial saponite compositions (white envelope; Changela and Bridges [2011] and references therein) are also plotted for comparison. either side of a maskelynite fracture, followed by later deposition of phyllosilicate.
It is possible that the pits and large void spaces within Dhofar 019 maskelynite once contained a preexisting Martian alteration assemblage, which has been dissolved and reworked by terrestrial weathering. Such phases would be susceptible to aqueous alteration. However, if this were the case, compositional clues might be expected that are not evident (e.g., high sulfur content in Mg-phyllosilicate and higher Fe content in both carbonate and phyllosilicate).
Dhofar 019 is one of the most terrestrially weathered Martian meteorites, with a terrestrial exposure age of 0.34 AE 0.04 Ma (Nishiizumi et al. 2002) . This is undoubtedly the reason why this meteorite contains such abundant alteration. However, it is not the only meteorite to contain such alteration. Although the term "orangette" has only previously been used to describe alteration in Dhofar 019, the shergottite Sayh al Uhaymir (SaU) 094 is described as having "bright orange secondary Mg-Fe-Si silicate alteration found in association with melted areas" (Gnos et al. 2002) , with a similar texture to the alteration in Dhofar 019. This alteration in SaU 094 was interpreted as terrestrial in origin.
Implications of the Absence of Martian Alteration Minerals in the Shergottites
We conclude that all of the calcite and phyllosilicate in Dhofar 019 is terrestrial, implying none of the shergottites contain products of low-temperature aqueous alteration on Mars (Tissint may have experienced deuteric alteration; Hallis et al. 2017) . The absence of these minerals in the largest group of Martian meteorites indicates that they were never exposed to liquid water during their residence on Mars. Based on Pb-Pb isotope ratios, it has been suggested that the shergottites are the oldest group of Martian meteorites, having crystallized at~4.3 Ga (Bouvier et al. 2008 ). In addition, the <5 Myr old and 55-km wide Mojave crater, which formed in terrain with an age of 4.3 Ga, has recently been suggested as the shergottite source crater (Werner et al. 2014 ). However, it seems unlikely that the shergottites could have been resident on Mars for 4.3 billion years without exposure to liquid water, especially as the Noachian and pre-Noachian (4.5-3.7 Ga) periods in Martian geological history are known to have hosted abundant liquid water at the surface, even possibly a northern ocean (e.g., Head et al. 1999; Jakosky and Phillips 2001) . Therefore, the lack of aqueous alteration minerals indicates that the much younger crystallization ages of between 165 and 575 Ma are more likely for the shergottites. This younger shergottite age is also supported by baddeleyite U-Pb ages from NWA 5298 (Moser et al. 2013) . Even with this younger age, the shergottites have still been present on the Martian surface for hundreds of millions of years without being exposed to water. This conclusion suggests that current Martian water is not only transient (McEwen et al. 2011) but also isolated to certain depths and regions of the planet.
